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Abstract- The Advanced Stellar Compass
(ASC) is asecond generation star tracker
consisting of a CCI camera and its associated
microcomputer.ltis atrue, multi-star tracker
which was dc.signed for the Grsted mission, a
precision mapper of the Earth’s magnetic
ficld. The ASC operates by matching the star
images acquired by the camera to internal star
catalogs. An initial attitude acquisition
(solving the lost in space. problem) is
performed, and then the attitude of the camera
is calculated in cclestial coordinates by
averaging the position of alarge number of
stat observations for each image. The ASC
features high accuracy, a smooth response. to
changing star fields, high boresight stability,
low power and mass, robust autonomy,
quaternion output and low cost. It is readily
adapted to a wide range of missions, four of
which arc cited. Key parameters of the ASC
for the ¢rsted and Astrid 11 satellites are:
mass as low as 900 g; power consumption as
low as 5.5 W; a single. axis, relative, attitude
angle error of less than 1,4 arcsec, ISMS, and a

twist, or roll angle, relative. accuracy of less
than 13 arcsec, I< MS, as measured at the
Mauna Kea, Hawaii observatories of the
University of Hawaiiin June 1996.
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1. INTRODUCTION, T'HE BrsTHD MISSION

The Danish gcomagnetic research satellite.
(Orsted [ 1] is an autonomous micro satellite.




The objective of the satellite isto perform a
precision global survey of the magnetic ficld
of the Yarth. This will enable scientists to
evaluate the internal ficld of the 1 arth andto
compare it to earlier models of the core field.
The last global survey of the magnetic ficld
was donc in the late 1970°’s by the
NASA/GSFC Magsat satellite.. The @rsted
satellite isshown in Fig. 1.
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Figure 1. The @rsted satellite.

The design of the Grsted satellite was initiated
in 1993 and it belongs to a new gencration of
highly autonomous missions. It is a
successful example of realizing a faster,
cheaper, better design.The satellite. is
sponsored by the 1)anish Government, NASA,
CNES and DARA. The project has take.1]
approximately 3 years from concept to
delivery of the. flight system, and the total
costs (including operations) arc approximately
$35M (' Y97), not including some acadcmic
support labor costs.

The Orsted payload includes: a vector
magnctometer (3-axis, flux gate sensor of the
compact spherical coiltype [7]); a scaar
magnetometer (Overhauser, enhanced, proton
precession magnetometer [3]); anenergetic
particle detector (3 energy band [4]) and an
advanced stellar compass, or ASC (a fully
autonomous star tracker [5]).

Table 1 lists major parameters of the micro
satellite.

Inorder for the vector magnectometer to be
useful, it requires very accurate pointing
information. This is provided by the ASC.
Therefore, the. vector magnetometer is
mounted together with the. ASC on a SiSiC
optical bench, thc Gondola, as shown in
Tig. 2.

‘1'able 1. Major parameters of the@rsted satellite

Paramecter Valuc
Mass | 6l4xke
Width 45 cm -
| Lepth 34 cm —
| Height 68 cm |
Boomn 8m
Power Solar panelgit)atkrics
54/22 W, average _
Stabilization Gravitation/magnetic
torquers -
O1bit Polar 450 x BSOkm

C'S;C magnetometer

oy
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8C céquera ,}h’e»ad -> Baifle

EIGCHONICS * mirme-g (48

Yigure 2. The @rsted gondola.
2.1 AD VANCED S11:1.1.AR COMPASS CONCEPT

The only practical way to meet the 20 arcsec,

1 o, attitude knowledge requirement of the
vector magnetometer, iSto use a star tracker.

This IS true because star trackers uscthe
highest-accuracy available, attitude. reference
system, the celestial coordinates of the
firmament.  Since the. intrinsic, catalog
accuracy of a star is about 0.3 arcsec, RMS,
the. limiting accuracy of a stellar reference is
more than sufficient. The ASC greatly excecds
the attitude knowledge necds of the vector
magnctometer with a relative accuracy of 1.4
arcsec, RMS, single axis, as confirmedinreal
sky tests, with the flight camera head of 12.7 ¢
mass and 0.4 W power consumption.

An additiona requirement for the Prsted star
tracker is that it be nonmagnetic,in order not
to interfere with magnetic ficld measurements.
A 1993 survey disclosed that no commercial




star trackers were able tomecet the
requircments of magnetic cleanliness, low
mass and low power consumption. Therefore,
ancw design had to be undertaken and the.
‘Jethnical University of Denmark was chosen
to design and build the instrument.
Subsequently, as part of its support of the
@rsted mission, NASA Code Y SG funded J})I.
to conduct an independent evaluation of the
ASC.

The ASC is separated into two units, the
Camera Head Unit (CHU) and the Data
Processing Unit (DPU). The function of the
Cl1Uisto deliver star field image frames to
the DPU. The function of the DPUis to
compare. the images from the CHU with onc
of the two, onboard, star catalogs in order to
identify the stars in its ficld of view (FOV)
and then, to determine the pointing direction
and the twist angle of the C11U about its
boresight. The CHU is shown in Fig. 3.

Figure 3. The @rsted CHU.

It should be emphasized that there is a
significant difference between a conventional
star tracker andthe ASC. A conventional star
tracker typically consists of a star camera with
integral clcctronics. It detects a small number
of bright images on the. CCD sensor and
outputs the coordinates of theseimages
relative to the CCD. The ASC, on the other
hand, transfers the entirc image from the CHU
to the 1)11 U, where the bright images detected
by the. CCDare directly compared to a star
catalog and the absolute pointing direction of
the CHU is output in the form of a quaternion.

Inorder to provide the robust autonomy and
high accuracy demanded by the mission, the

ASC detects and tracks alarge number of stars
perimage frame. The typical number is 65
with arange from 25 to 200.

The output quaternion is based on averaging
the positions of al of the tracked stars, thus
reducing the random errors of each star
position by the square root of the number
being tracked.

The combination of features qualifies the ASC
as the first example of a new, second
generation type of solid state, CCI> based star
trackers. The old generation used “windowed”
tracking of a small number of stars (typicaly
3 to 5) and no internal star catalogs nor
autonomy.

The ASC separation of the detection and the
processing functions of a star tracker confers a
number Of advantages. The very low mass of
the CHU permits a precision, kinematic, ball
mount with a boresight stability in the
arcsecond range. This is about 20 times betier
than first generation mounting systems. The
low power and compact size of the CHU
result in inherently stable thermal mechanical
properties which further enhance pointing
stability. The low power consumption also
greatly simplifies temperature control. The
Separate processor may be readily customized
for particular missions or climinated
altogether by implementing its functions in a
powerful, integrated, central attitude
controlling computer.

The ASC is readily adapted to a variety of
missions. Key parameters of it and itS mission
vatiants arc givenin ‘1'able 2.

3. Tnr CHU

The CHU is based on a commercial, interline,
microlens fitted CCD, the SONY CI)X039A1
and its support chip set. The CCD has a
resolution of 752 x 582 pixels, each with a
dimension of 8.6 jun x 8.3 pm. The imaging
lens is a customized, 7 element double Gauss
type with an integral field fiattener. The focal
ratio is1/0.7 with a 16.4 mm focal length, and
a380 nm to 850 nm spectral bandpass filter
coating. It has 4 times the light gathering
power of the conventional f/1.7 star tracker
lens. It was designed to minimize chromatic




distortion andat the same time yicld a
controlled and limited point spread function of
SO um diameter over the entire FOV. The
'OV is 22° by 16°, or approximately 1/12.0 of
the entire firmament.
software scttable image integration time, with

The CHU has a

a default value of 1 second, resulting in a
readout noisc level of 10 electrons. The high
speed lens, the CCI sengitivity and the 1 scc
integration time result in signal of 45 electrons
per pixel for a star with aninstrument
magnitude of 6.0.

Table 2. Key parameters of the ASC and its variants

PARAMIITTRS G(M) Al(P) | 1(1) T HP(M)
Star sensitivity threshold, M, | .60 40 6.(J 9.5
Acquisition data base, number of s{ars 2,200 TBD 2,200 42,654
Tracking data base, number of stats 10,301 TBD 10,301 231,43S
Noise equivalent angle, 1 axiis, RMS, arsee (A) 10 15 15 <0.1 (9
Relative accuracyeiis, FRMSeerror garcsec (08) 14 2.1 20 054 |
Mass, camera head, Kg (excluding baflle) 1 . 013 0.20 0.45 <2.0
Mass, processing €l ectnanics, IKg 1.4 0.80 0.90 1.0
Power consumption, camera head, W — 05 0.4 04 04
Power consumption, jproc. gke’s, W B 50 [ 7.0 6.0 11.0 |
1cld of view, degrecs - 1en 16X22 16x22 33 X4..7 |
Update rate, Hz . I 2 | ]
Permissible radiation dosage, KRad 10 10 100 _ZQ_

- Oirsted; All: ASTRID 11; HP= High Precision; 1= Interplanctary; A= without image motion smear; M: measured at
MaunaKea, 6/96; P: projected; S= staring mode; T=measureda J1' 17 MO, 8/96

4. TnrHpuy

The DPU consists of a 80486 based processor
board, a digitizer, anti a digital interface. The
analog image from the CHU isdigitized and
storedin its frame grabber. All communi-
cations arc. routed via an RS 422 telemetry
interface. The processor is an AMD 80486

with a 9519 support chip. Its clock rate is

20M hz for @rsted and 100 Mhz for ASTRI1)
11.The processor is equipped With 4 Mbytes
of 1>RAM and 4 Mbytes of flash RAM and a
radiation resistant, fuse.-linkcd bootprom. All
clectronics arc protected against single event
setup by current measuring Circuits. The flash
RAM utilizes hamming coding to avoid bit
flips and at regular intervals the CPU performs
bit washes to avoid double faults.

Figure 4. The ASTRID 11 DPU

5. ASC OPERATION

The ASC operates in twomodes: initial
attitude acquisition and tracking mode.



The initial attitude acquisition mode is
antomatically entere d when n o prior
knowledge of the CH1U pointing direction
exists. Typically, this occurs after power on,
or whenever the attitude lock is lost.

The tracking mode (normal operation) is
automatically entered whenever  an
approximate attitude is known (e. g., the
previous attitude).

The operational flow of the ASC is:

Image  acquisition

.initial attitude acquisition
Tracking

.Attitude estimate verification

If the attitude calculation is satisfactory, the
sequence is repeated, without the initial
attitude acquisition, bascd on the previous
attitude estimate. If the scquence is disturbed
in any manner, including receipt of an external
reset command, the ASC automatically reverts
to the acquisition mode.

During initial attitude acquisition, the star
centroids arc analyzed for triplet angle scts
based on the nearest and second nearest
neighbors of the star being identified. The
resulting set of triplets is then matched to a
preflight compiled version of the star catalog,
which is the star database.The entries in the
star database include all possible star triplets.
Based cm this match, an attitude is obtained
which is used in the subsequent processing

[6,7].

As soon as theinitial attitude acquisition algo-
rithm has established an approximate attitude
value, all uscable stars in the FOV are
correlated with stars from the tracking catalog.
‘1"hen, a spherical, nonlinear, least squares fit
(1 .S1) 18] is performed with very high
precision.

1Ouring normal operation, the ASC update rate
of 111z ensures thatimages from the previous
frame have only minor position shifts during
spacecraft, 3-axis, stabilized operation. 1 lence,
to save power, only the. | .Sk¢ algorithm necds
to be invoked to obtain high precision attitude
estimates for each image,while in the tracking
mode.

Should the attitude. rate of change be.come
excessive, or shouldsome other event make
the 1.S}¢ agorithm divert from the correct
solution, the 1.SF residual will exceed a preset
value, and the initial attitude acquisition
algorithm isinvoked again, autonomously.

Finally, the attitude is corrected for light time
aberrat ion (by an intro»al orbit model, updated
by GPS input) and the quaternion is
transferred to the telemetry queue.

6. COMPONENTS OF ACCURACY

The effect of noise on attitude errors is a
unique, characteristic of each particular star
tracker design. ‘I’his is especidly true for a
complex instrument such as the ASC.The
error and noise impacts on the ASC have. been
established through various measurements and
tests. in order clarify the terminology audto
organize the specific error and noise
contributions into a usable form, the error
budget terms can be placed in the broad
categories of NI:A, relative accuracy and
boresight bias, which then combine to form
the absolute accuracy of a star tracker, which
will degrade over its lifetime.

NIA

When the ASC is presented with the same
stimuli of an unchanging star ficld, repeatedly
during staring operations, the calculated
attitude will differ from image to image, even
though the input is constant.T'his is clue to
various noise sources such as photon statistics,
amplifier noise, dark current noise, etc. The
resulting attitude, jitter will appear on the same
time scale as the ‘integration time. of the ASC.
This error is defined as the noise equivalent
angle. (NEA).

Pointing accuracy of a fixed scenc iS largely
limited by the NI:A. The NJiA is characterized
by high frequency noiseterms.

Relative A ccuracy

Other error sources can also affect the short
term accuracy, depending on the usc of the
ASC. When the ASC is subjected to an image
sequence from a spacecraft maneuver, or a




changing star field caused by spacecraft or-
bital rate, the reported attitude will now in-
clude the error sources listed in ‘I’able 3, in
addition to NEA. This category of dynami-
cally driven errors defines the relative accu-
racy of the ASC.

Table 3. ASC dynamic ert or sour ces

Star catalog erior

Abbcration cor cction ert or

1.cns chromatic er: or

1 ens geometric correctioin residual erroi
CCD pixel to pixel variations
Centroiding residual

Close object fusing

Ialsc object lock

Time stamp uncertainty

Boresight Bias and Absolute Accuracy

Finally, long term effects, typicaly caused by
thermal or mechanical stressing, will affect the
boresight pointing knowledge or bias. The
time scale of them effects can cover the span
from manufacturing calibration to end of life,
including launch induced effects. When these.
c. ffects arc added to relative. accuracy, the. re-
sulting summation of al errors is defined as
the absolute accuracy. Sincethey arc largely
long term effects, they may be regarded as
being a bias, andarcadded linearly (rather
than in an RSS manner) to the other error
terms. It should be noted that calibration)

uncertainty is a component of the total bias
Set.

The ASC ClIU uscs a unique, kincmatic
mounting system which has a positional accu-
racy, and stability, in the low arcsecond range.
Ituses three, precision, ceramic balls. The
boresight accuracy achieved by this system is
at least onc order of magnitude better than
conventional, planar mounts. The usc of the
ball kinematic mount is enabled by the very
low power and mass of the CHU.

Lifetime and other Noise Fffects

Aging and radiation decrcase accuracy on
both a short term and a long term basis.
1 lence, both the begin of life (BO1.), and the.
end of life (1101.) values must be recognized.

Since the ASC determines its attitude based on
al of the. bright starsin its FOV, the accuracy
of the instrument relies on both the accuracy
of the determination of each individual star
centroid, and on the accuracy of the centroid
to star catalog matching.

Generally, the impact on the overall accuracy
of the noise of a single star centroid will be
reduced by the square root of the number of
stars used, due to the. averaging in the ASC.
1 lowever, afew of the error sources are sys-
tematic and therefore, do not show this
property, such as the boresight bias terms.

The effect of noise. on the precision of the
matching algorithm has an even more com -
plex effect. important factors arc 1 .SK
residual, false objects and/or missing links
between centroids and catalog entries, and,
also, catalog errors themselves. These errors
affect the accuracy in three different ways:

1) A bright star is always detected and linked
reliably. lence, a catalog error will affect the
attitude dc.termination as long as the. star re-
mains in the FOV.Yor the attitude
determination, this will appear as a rclative
attitude error (reduced by the square root of
the number of stars in the FOV).

2) A dim star at just above the detection limit,
will bedetectedand linked in some images
and not on others duc to noise. This will result
in an effective increase in NEA and is in-
elude.d in the NEA values quoted in Table 2,
except for the ASC-111", as mentioned below.
This will also apply to other noise sources
such as proton induced charges (radiation) and
other false objects such as satellites in the
1'0OV.However, it should be noted that some
of these increases in NHA may be eliminated
in future applications where a very low, star-
ing N} ‘A iscriticall y important to the mission.
An example of thisisthe. AS~-11 P, where the
projected NEA assume.s implementation of
staring mode operation.

3) A moving star field will have stars entering
and leaving the YOV. Yor the ASC, the offset
of onc star changing at a time only resultsin a
minor, N}iA-like, effect on pointing accuracy,
because of the large number of stars being
tracked. 1 ‘or aconventional star tracker thisef-
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feetis pronounced and causes accuracy domi-
nating jumps in the pointin g position [9]. The
analog like response of the ASC to achanging
number of stars being tracked effectively sup-
presses these jumps and provide.s a smooth
attitude report with time and position changes.

7. AcouisiTioNn PERFORMANCE

The performance of the lost in space (1 .1S) al-
gorithm was measured for most of the data
frames takenin Mauna Keaand TMO test
series. The 1.1Snceds to deliver the attitude
solution within 0.3” of the true pointing direc-
tionin order to assure a successful handoff to
the CSF agorithm. Therefore, the perform-
ance of the 1.1S algorithm was judged by both
a comparison to the estimated attitude angle
value ant] the convergence of the CSE.

The two examples of 1 .1S agorithm perform-
ance were both taken with zenith pointing at
Mauna Kca, over a period of hours, with the
star ficld changing at the sidereal rate. 1 during
that time, the star ficld motion covered 3 ASC
FOVs.

Out of 2581images which were analyzed, the
1 1S algorithm only failed for four data frames.
All four occurred while pointing at a very
meager star field (1 ‘ig. 5). The first two fail-
ures contained light tracks from airplancsin
two of the failed frames and a transient, tele-
scope dome light caused severe interference in
the other two failed frames. The lost frames
were a good test of the acquisition autonomy,
rcliability and robust-ness, since the acquisi-
tion valid flag dropped for these four frames,
and only these four frames, from all of the. test
series.

1ig. 6 shows total acquisition success on arich
star field on a'TMO run. The number of stars
acquired by the 1.1Sis 20 to 32.

1t should be noted that the tracking data base
includes five times the number of stars as the
acquisition data base, so that the number from
which the attitude quaternion is derived is
much larger than the number required for
acquisition.

Succesfully linked stars during attitude acquisiti on.
20

Fraiim

Figute 5. Numbet of stars recognized during
acquisition in a meager star ficld, zenith pointing,
Mauna Kea.

Successfully linked stars during atlitude acquisition
35

Figure 6. Numnber Of stars recognized during
acquisition in arich star ficld, zenith pointing, TMO.

In summary, the reliability and robustness of
the acquisition process have been demon-
strated. In the four frames, out of the thou-
sands, when acquisition didnot occur, for
various reasons, the failure was accurately
reported by the appropriate. flag status. The
acquisition success inspace can be expected
to be even higher, because of the elimination
of ground based artifacts.

8. MEASURED ACCURACY

The ASC has been evaluated at the JP1. oper-
ated, ‘Jable Mountain Observatory facility
which is located at Wright wood, California on
severa occasions [5]. 1 lowever, in June 1996,
the ASC tested at the observatories of the
University of Hawaii on Mauna Km, Hawaii
[ 1()]- The purpose of the. test was to determine
the accuracy of the ASC with a minimal per-
turbing airmass and the highest possible qual-




ity of “secing” [11]. These desirable
evaluation conditions are available on Mauna
Kca.

Two kinds of accuracy were determined with
the real sky tests: the NEA and the relative
accuracy. The NHA was measured utilizing a
telescope as an ASC mount and tracking a
specific, fixed, partof the sky. The tracking
data gathered at Mauna Kea included 727
images. As an example, the uncorrected
declination output is shown intig. 7.

a, Declination, NEA,
(scsl. expanded 10 times vs. roll angle)

1 —_— e = — = — _— — ——
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image no.

Figure 7. Uncorrected tracking scries of declination
measurements.

Relative accuracy was the other parameter
which was evaluated. Thenoise In pointing
knowledge. with achanging star field, whichis
the relative accuracy, was mcasurcd by
pointing the star camera toward the zenith and
acquiring continuous attitude data while stars
drifted through the camera 'OV at the sidereal
rate. When the epoch of the star catalog is the
same as the observing time, the declination
and roll angles remain constant, whereas the
right ascension incrcases with the side.rcil
ratc. The data acquired at Mauna Kca
included a zenith pointing, series in excess of 2
hours and 2578 images. As an example, the.
uncorrected declination angle is shown in
ligure 8.

It should be noted that the data were acquired
over a period of hours. This means that arli-
facts such as air stability, thermal displace-
ment of the camera, changing moon light, and
telescope drift are also included in the
uncorrected attitude angles. These phenomena
arc not directly related to the instrument
performance and must be subtracted from the
raw data inorder to determine the true

instrument performance. Generally, these
effects vary slowly with timeand can be
subtracted from the signal by utilizing Fourier
transforms [ 1 0]. The effect of applying a
0.0051 1z filter to the zenith pointing data
series IS showninlig. 9. The remaining signal
iS a more accurate representation of the
inherent performance of the instrument. It is
difficult to definc a specific frequency
boundary between external artifacts and
internal instrument errors, bc.cause the
artifacts arc not well quantificd. IHowever, a
conservative performance estimate based on
the statistics of the attitude output, is givenin
Table 4.

a, Declination, gross relative error
(scale expanded 10 times vs. roll angle)
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Figure 8. Uncorrected zenith series Of declination

measurements.

a, Artifactdominated components of relativeaccUracy
measurement, declination, freq .0.005 Hz
(scale expanded 10 times v. roll angle)

7 —

Image no

b, Instrument don inated cOmponents of retativeaccuracy
measurements, declination, freq >0.005 Hz
(scale expanded 10 times vs. roll angle)

Inage no

Figure 9. Slow and fast varying components of
declinationangles fromthe zenith pointing series. ASC
relative accuracy is representedin b.




‘1'able 4. ASCPerformance Summary

NEA Relative
Parameter (arcsec, accuracy
RMS) (arcsec RMS)
Declination 11 14
Right 12 NA
ascension
Roll Angle 8 13

As the absolute instrument accuracy is in the
range of a few arcseconds, it surpasses most
mechanical attitude transfer systems.
Thercefore, for the telescope tests, only the
NIEA and the relative accuracy can be
assessed. Because of telescope thermal
mechanical pointing changes, which dominate
those of the ASC and nullify any attempt to
measure the ASC boresight bias terms, the
boresight bias drift and offset accuracy terms
cannot be measured in this manner.

9. CONCI USIONS

The fully autonomous ASC differs from
conventional star trackers because it solves the
lost in space problem internally, because it
outputs the attitude directly in celestial
coordinates, because of its unusually fast
optics, because it isa true multi-star tracker,
and because it scparates the detection and
processing functions in separate units. It thus
qualifies as the first example of a second
generation, solid state, star tracker.

Two diffc.rent kinds of noise were evaluated at
Mauna Kea Observatory, Hawaii. These were
the NEA and the relative accuracy of the ASC.

The absolute pointing accuracy of the AS( is
superior to larger star trackers with smallei
FOVs, because the ASC utilizes a large
number of stars in the 'OV and because the
small size, low power dissipation and very
stable mount of the ASC CH Uenable the
realization of exceptionally good mechanical
and thermal mechanical stability.

Robust initial acquisition was demonstrated on
both meager and rich star fields at Mauna Kca.

While the ASC was developed to meet the
nc.eels of the @rsted mission, it canbe
beneficially used on  a wide range o f
spacecraft .
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